Functions of complex crystalline systems derived from natural and synthetic macromolecules emerge
interactions between crowns. Homochiral and "racemic by mixture" samples were shown to deracemize at 23 the molecular level to generate crystalline order after annealing. However, a "racemic by synthesis" sample, 24 which intrinsically cannot deracemize at the molecular level, was unable to generate high crystalline order 25 and instead yielded poorly ordered columnar hexagonal crystals upon deracemization, with a much lower 26 melting temperature than the corresponding enantiopure forms. 21 This study also demonstrated that 27 deracemization at the supramolecular level occurs between enantiomerically pure or enantiomerically rich 28 supramolecular columns rather than within a column.
29
Here we report the discovery of a family of perylene bisimide (PBI) derivatives containing six chiral side 30 chains in various stereochemical permutations including homochiral, "racemic by mixing" and "racemic by 31 synthesis" that self-assembles into single-handed supramolecular columns to yield identical single-handed 32 columnar hexagonal crystalline domains likely due to deracemization at the molecular and supramolecular levels, irrespective of chiral composition. A cogwheel model of crystallization was proposed to facilitate 1 this process and to explain the very high degree of order even at the interface between single-handed 2 crystalline monodomains. A library of chiral PBI derivatives was screened in order to discover the 3 compounds reported here. This cogwheel mechanism responsible for the generation of single crystal-like 4 order from racemic compounds is expected to enable prediction of libraries of building blocks that follow 5 the same self-organization principles, via the design of other self-assembling molecules with structural 6 parameters congruent with the present PBI derivatives. 
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). An overview of previously reported helical assemblies of PBI is in Supplementary Section S4.
13
The length of the dimethyloctyl chains and the alkyl spacer between PBI and benzyl ring were selected to Fig. S12 ). Upon heating, h k2 transforms into h k1 at 128-130 °C. surface along the length of the column.
11
Analysis of self-assembly in solution by CD and UV-vis. Circular dichroism (CD) and UV-vis spectra of 12 solutions of (S)-11 and (R)-11 in n-butanol/methylcyclohexane (85:15 v/v) recorded upon cooling from 13 50 °C to 10 °C demonstrate that self-assembly of 11 proceeds via two distinct stages (Fig. 2a) . In the first evidencing the formation of an extended helical assembly (Fig. 2a, top) . The spectra of (S)-11 are mirror 20 images of those of (R)-11, confirming that the chirality of the peripheral alkyl chains selects the handedness Fig. 2c ). The elongation enthalpy, he, represents the net enthalpy change upon 22 elongation of the supramolecular column, while the elongation temperature, Te, represents the temperature at which the nucleating assemblies begin to elongate to form extended helical segments. 46 The slightly 1 lower Te of mix-11 may be due to heterogeneous nucleation mediated by the mismatched enantiomer 2 impurity acting as a seed. 32 The negative sign of he confirms that self-assembly is enthalpically driven.
3
These results agree with X-ray data (to be discussed later), which reveal identical structures in all cases and influence. Therefore, in contrast to previous studies, 21 he shows that the thermodynamic stability and the 10 supramolecular structure of homochiral and racemic compounds do not strongly depend, at least in 11 solution, on the enantiomeric purity of their side chains.
12
Majority rules experiments probe whether a system exhibits chiral amplification. Optical polarized micrographs of d, mix-11 and e, rac-11 in the h k2 phase, from the same films used for of which changes from bright to dark, or vice versa, upon rotating an analyzer in different directions.
13
Analysis of the self-assembly in bulk by CD, micro-spot CD and optical polarized microscopy. The 1 helicity of assemblies in h k1 and h k2 was investigated in a thin film of (R)-11 monitored by CD during discriminate between these two possibilities. 21 The birefringence of these films was confirmed to be 13 negligibly small (Supplementary Section S11), as also supported by thin film micro-spot CD spectra of Figure S7) and surprisingly also rac-11 (Fig. 3c, interchange by rotating the analyzer clockwise or counterclockwise (Fig. 3d, e) . These experiments support 
11
Structural analysis of supramolecular assemblies by X-ray diffraction. X-ray fiber patterns of h k1 of 12 all chiral compositions of 11 were collected from oriented fibers extruded 41 from non-annealed powders
13
( Fig. 4a-d) . Annealing for more than 12 days at 23 °C or for shorter times at higher temperatures 14 transformed h k1 into h k2 (Fig. 4e-h, Supplementary Figs . S10-S12). Crystallographic layer lines, L = l,
15
are labelled in Fig. 4 and selected reflections are identified in Fig. 4a , e. Irrespective of the chiral 16 composition and as suggested by the DSC data ( Supplementary Fig. S2 ), h k1 and h k2 are identical in all 17 samples of 11 (Fig. 4) . Sharp reflections on layer line L = 0 of h k1 ( Fig. 4a-d cell, Supplementary Fig. S12 ). Diffuse streaks extending from the meridian and quadrants demonstrate a 20 helical arrangement of the columns. 13, 14, 21 The lattice parameters of h k1 and h k2 are listed in Fig. 4 and order, in line with CD ( Fig. 3c) and NMR ( Fig. 6 and Supplementary Section S10) experiments. In contrast, evidenced by numerous sharp reflections in its XRD pattern (Fig. 4e-h ) and solid state NMR analysis (Fig.   10 6). The absence of (001) coupled with the observation of a nonzero (002) reflection in h k2 indicates that 11 the PBI molecules may be dimerized, as supported by CD and UV-vis experiments (Fig. 2) , and that this 12 aggregation consists at least in part of distortions along the c-axis.
13
The diameter of the h k1 column is only slightly larger than that of the h k2 column (29.2 Å vs 27.4 Å).
14 Modeling shows that a supramolecular column assembled from 11 with alkyl chains extended 15 perpendicular to the column has a maximum diameter of 44 Å ( Supplementary Fig. S15b, c) . The 
20
Each unit cell of h k2 contains only one column (Fig. 7b, brown area) . Since the unit cell repeats itself 21 three-dimensionally across the entire crystal, this implies that every column in the crystal must be identical 22 with the same helical handedness in order to form a perfect hexagonal crystal. 21 This is true even for rac-11 23 and mix-11. The h k2 crystal of the racemic compounds show no CD signal in thin film but exhibit signals 24 in micro-spot CD experiments ( Fig. 3c and Supplementary Fig. S7 ). These micro-spot CD data, in 25 combination with changes in contrast in the optical polarized micrographs (Fig. 3d, e) and the identical 26 patterns and h k2 lattice symmetry evidenced by fiber XRD (Fig. 4g, h by 45° with respect to each other to form dimers (Fig. 5g, h ). In h k2 , the helical axis corresponds to the 16 center of each column, whereas the axis is off-center in the columns comprising h k1 . Consequently, in 
18
This structure can also be crystallographically defined as a double helix that is different from that of DNA, 1 whose strands are covalent, while here they are supramolecular (Supplementary Section S19).
2
The sense of the 45° rotation between neighboring molecules is selected by their chirality. The rotation of 3 racemic dimers is also single-handed but statistically forms racemic crystals with large single-handed 4 domains. The alkyl chains extend parallel to the column axis with the methyl stereocenters pointing into 5 internal gaps defined by the rotation of the supramolecular helical backbone of PBI cores (Fig. 5a-d) . This 6 arrangement, demonstrated by the column diameter (Fig. 4 and Supplementary Fig. S15 ), by the simulation 7 of XRD 21 ( Fig. 4f ) of the supramolecular model from Fig. 5d , f, by UV analysis in solution (Fig. 2a,   8 bottom) and thin film in h k2 (Fig. 3c) , and by solid state NMR (Fig. 6 ), explains the mechanism by which 9 the chirality of mismatched enantiomers or racemic molecules neither affects neighboring columns (Fig.   10 76) nor distorts the highly-ordered hexagonal crystal structure (Fig. 5a, c-f ). The length of the alkyl chains modeled are supported by X-ray data ( Fig. 4 and Supplementary Fig. S15 ). The helix reversal penalty
20
(1.5 kcal/mol, Supplementary Table S2) is higher than the chiral mismatch penalty (0.6 kcal/mol,
21
Supplementary Table S2) , that is, the energetic penalty for a chiral monomer to add to a helix of its non-22 preferred handedness (compare bottom and top, Fig. 5b ). This provides the mechanism by which a 23 monomer with non-preferred chirality or even mixed chiral character is incorporated in a single-handed 24 helix. The handedness of all dimers is the same within a column (Fig. 5b) , and therefore crystals of racemic 25 compounds have a racemic mixture of left-and right-handed columns, segregated into crystalline domains 26 of single handedness columns (Figs 3c and 7) . This allows the generation of columns with indistinguishable 27 cogwheel shapes from non-deracemizing rac-11 and the formation of hexagonal crystals with as high a 28 degree of order as those formed from enantiomerically pure compounds (Fig. 7) . highlighted areas correspond to signals arising from the aliphatic chains at the periphery of the structure.
6
The broad aromatic peaks in the low order h k1 phase at high temperature sharpen significantly upon 7 cooling the h k1 phase, in the h k2 phase and, unexpectedly, by allowing the h k2 phase to anneal at 23 °C 8 for 30 days. This indicates that the optimal molecular packing is very well defined for rac-11, and that even 9 in the high order phase, sufficient molecular fluctuations are present in order to refine and improve the 10 supramolecular structure of the crystal on very long time scales.
11
Solid state NMR experiments. Solid state NMR experiments of assemblies of 11 support the structure 12 determined by XRD (Fig. 6 and Supplementary Figs S4 and S5 ). 13 C Cross-Polarization (CP) MAS spectra 13 of h k1 of rac-11 exhibit broadening of the aromatic signals on cooling to 120 °C and 50 °C due to 14 molecular motions mediated by the irregular packing of the PBI core (Fig. 6i, ii) . In contrast, well resolved 15 signals are obtained in h k2 at 50 °C, indicating a regular packing of the aromatic part of the PBI (Fig. 6iii) .
16
The -CH2O-and aliphatic chain signals follow the same trend with respect to order, indicating a liquid-like 17 molecular motion in h k1 and almost perfect conformational order in h k2 that is unexpected for the short 18 and branched dimethyloctyl chains. 50 Repeating the CP-MAS experiment with rac-11 after extended 1 annealing at ambient temperature (30 days, 23 °C) improves the spectral resolution due to substantially 2 improved packing in the aromatic and aliphatic side chains (Fig. 6iv) . This indicates that very well defined 3 packing of the alkyl groups in the highly ordered h k2 phase of rac-11 is achieved due to sufficient The proposed cogwheel model (Fig. 7a) requires the helical packing of molecules with alkyl chains parallel columns of the same handedness (Fig. 7e, left) will always align in all directions. In contrast, the grooves of 5 columns of different handedness will align in some instances (Fig. 7e, center) but not in others (Fig. 7e,   6 right; see also Fig. 7c ). It is a requirement of h k2 that all columns have the same handedness, as there is 7 only one column in the crystallographic unit cell (Fig. 7b) . Aligning the grooves and teeth of adjacent 8 columns provide a mechanism through which only columns with the same handedness pack together to 9 form highly ordered crystals, even in fully racemized, rac-11 (Fig. 7d) . Fig. S4 ). This cogwheel model provides a mechanism for 18 perfect packing of single-handed columns irrespective of the chirality of their molecular building blocks
19
( Fig. 7b) , as well as near-perfect packing for helical columns with different handednesses (Fig. 7d) . We of chiral PBIs, which have higher charge carrier mobility than achiral counterparts. 35 We therefore envisage 27 that the cogwheel mechanism of self-assembly and self-organization described here will find practical 28 applications in the design of functions in complex materials. 
